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Our universe

Observable universe is ~ 93 billion light-years in diameter
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What we can SEE in our universe

The cosmic budget of ‘ordinary’ matter

- European Space Agency stars in galaxies

: 1% cold gas in galaxies
N B 1.8%

hot gas in galaxies
5%

hot gas in galaxy
clusters
4%

ordinary matter
5%

coolintergalactic gas
28%

"darkymatter'
s 25% L

dark energy
70%

W Only 5% of the universe
s visible matter

15%
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What is visible matter made of?

—Ae—R > —IH—qnk
Er T 20

A world in every flower, a Buddha
in every leaf

- Mahavaipulya
Buddhavatamsaka Sutra

(Video by CERN)
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What holds them together?

Up Quarks Proton 1fm

Mass fact sheet:
Proton~ 1 GeV/c2
Up & down quarks < 0.005 GeV/c?
Gluon = 0 MeV/c?

Gluons

Have you wondered?
% Where does > 99% of proton mass
come from?

mm ym um Tym nm . nm  100pm 10pm  1pm



Nuclear suppression from the hot Quark Gluon Plasma

SPS 17.3 GeV (PbPb) GLV: dN/dy = 400
GLV: dN/dy = 1400
GLV: ng."dy = 2000-4000

© n” WA98 (0-7%)

RHIC 200 GeV (AuAu)

~— YaJEM-D
O n® PHENIX (0-10%)

---. elastic, small Pcz
* h* STAR (0-5%) :

-~ elastic, large Pe_‘c

LHC 2.76 TeV (PbPb)

== YaJEM

Noarticie iN AA collisions / (Ng) \ o MW — s

4 ALICE (0-5%) PQM: <& = 30 - 80 GeVZ/fm

Raa =

Nparticie IN PP collisions




Nuclear suppression before the Quark Gluon Plasma

antishadowing Fermi-
motion

Cross section in eA DIS

shadowing Cross section in ep DIS

~
c
o}
&
Q
=
=]
~—
Z
=)
S
~
~
w2
=]
o
Q
=
=
~—
2
o)
8




Early Career Seminar

This is where EIC and HI physics meets

<+—— |LHC kinematics

O'Dls(rIUCleuS)/UDls(HUCleon)

T T 1T || T T T T T 1T |
1.5 . : E ] T i SPS 17.3 GeV (PbPb) GLV: dN/dy = 400 ]
. : ermi- - —
- antishadowing ti 2 L O ° WA98 (0-7%) GLV: dN/dy = 1400 4
moton S5k AR Al GLV: dN/dy = 2000-4000 |
B — YaJEM-D
| i O # PHENX(©0%) = " i
— 1 5 I Y Bl - elastic‘ large Puc ]
10 FEESNEEAe . ... 0./ ....8....6.\---.8 B SPS ] LHC 2.76 TeV (PbPb) o -
| ® CMS (0-5%) o N i
i mé - % 4 ALICE (0-5%) PQM: <> = 30 - 80 GeV*/fm
| 1| ﬁ%’ //’—\ """" T
0.6 — i LR
- o ++ // *‘+— " .
B shadowing 0.5 by $$ .Ei .
B ® g e® & RHIC I -
O 2 _ I RHIC o e | ?[Zs ﬂ-i.'us‘"""n » :' ‘.'." |
’ kinematics Moetel o
B | | O 1 1 1 L1l 11 ll 1 1 1 le L L 1L l | 1
1 2 34 10 20 100 200
-3 -2 -1
10 10 10 1 P, (GeV/c)
xr

Initial state — cold QCD Initial + final state — hot QCD
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This is where EIC and HI physics meets

/ <+—— |LHC kinematics \
1.5

antishadowing Ferrpi-
motion

L
N

ER
\% 1.0 — £ |
g [V |
@ | . .
5 6 L ! This talk — | will focus on
FO doving | ) low-x physics in cold QCD.
5 0 :—_ I RHIC : ° ©
T L kinematics |
i
1

| ¢'3 10
\

\

K IF\i_ti_aT ;t_a_té _—'cold QCD /
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Vector Meson (e.g., J/{¥) production in heavy nuclei

At Leading Order, 2-gluon exchange
1-2 /1 T
/»Y*wv< g E “'Z)'.évzvn/w,w,v

Photon provider * 1.
-> heavy nuclei o

p, A &U;% p’, A

t

10
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Vector Meson (e.g., J/{¥) production in heavy nuclei

At Leading Order, 2-gluon exchange Coherent Incoherent
iy ‘ (target stays intact) (target breaks up)
Y*ww< r E (1-Z~)~ru.-~}>:V=J/w, ¢, p, Y
/ Z b / Average nuclear parton Event-by-event parton
Photon provider X | density density fluctuations
-> heavy nuclei o

] Momentum transfer (f) and transverse spatial position
/‘Q“-———-—“'y\ o (b) are Fourier transforms of each other;

11
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Vector Meson (e.g., J/{¥) production in heavy nuclei

At Leading Order, 2-gluon exchange Coherent

Incoherent
N ‘ (target stays intact) (target breaks up)
Y*MA< f E 2 O=V=um, 0,0
/ z\., / Average nuclear parton Event-by-event parton
Photon provider X | density density fluctuations
-> heavy nuclei o

c N Momentum transfer (f) and transverse spatial position
A /\;— —;/\ = (b) are Fourier transforms of each other;

Three main physics goals:
1. Coherent production — average nuclear parton density
2. Incoherent production — E-by-E fluctuations of nuclear parton density

3. Imaging of nuclear parton spatial distribution in nuclei.
12
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Ultra-Peripheral Collisions at RHIC

s
<

o
P 4

quasi-real photon

s

collisions that don't “collide”

~

— T— :
. g~ Jet Target :
PR CRes) 12:00 o’clock B

=3 10:00-0*clock RH]C 2 \
2. b~ "
/| i
: RN S L
) PHENI? N
8:00 o’clogk=—=""~

LINAC R
- EBIS :
g . Booster o ' B

(LECW § - = - o= i)

U238, Au'7, Zr%  Ru®, d?at 200 GeV and pp at 510 GeV

A versatile program with different species, energy, and polarization.

13
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1. Coherent J/¥ photoproduction at RHIC

2 2

Q pwem o o oo STAR What we learned:
é@ : v* + Au = Jiy + Au Coherent suppression: |
(W, =249 GeV .
30F x STAR AuAu data e o ooeroos] Coherent J/Y photoproduction
| Free nucleon 1A T T T cross section is suppressed
. ]
I LTA weak shd. 1 even at x ~ 0.03-0.04.
o) IR LTA strong shd. -
3 20 L5 __ antishadowing Fer:pi-
5 ? 0
o g | A
S Eﬁ 1.0 - 4 ‘; -------------------------
) A - £l
) 2 - e 2
2 06 [ oot
10 H l o
; 02 - o.°
L | |
i ] 10° 10 10" 1
O | | | | | | | | | | | | | | | | | | | | | | | | | :I:
15 20 25 30 35
W . (GeV)

. _ Technical details of resolving photon energy
(submitted to PRC, arXiv:2311.13632) <:| ambiguity, data corrections, etc. See paper. 14



https://arxiv.org/abs/2311.13632
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1. Coherent J/¥ photoproduction at RHIC

XzMﬁ/W/Wi*N
\‘& ?.'T?.?‘f‘f. Io.?al | Io.<|)2 " 0.01 STAR What we learned:

|
é@ v* +Au — J/y + Au Coherent suppression:

30|~ » STAR AuAu data (W) =249GeV |+ Coherent J/ photoproduction
L Free nucleon IA S, = 0.61+ 0.06 + 0.06 |

cross section is suppressed
- --=- CGC .
| ... LTA weak shd. ] even at x ~ 0.03-0.04.

o) IR LTA strong shd. -
3.
= % * Gluon saturation model (CGC)
g cannot be applied and
o overpredicted at x ~ 0.01.
10

» Leading twist shadowing
model works almost perfectly

O_ | | [ [ | [ [ | [ [ | | — | | | — | (tuning based On LHC data)

15 20 25 30 35
W, (GeV)

' Technical details of resolving photon energy
(submitted to PRC, arXiv:2311.13632) <:| ambiguity, data corrections, etc. See paper. 15
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Digression:
— what is saturation and what is Leading twist shadowing?

y/ QZ(x)
ag K 1 splittin recombination
pQCD ! —
evolution E :é — — :E

equation

an @
BLT ) e

saturation I

non-perturbative region O ~ 1
e

In x This quadratic term is why we call it
Color Glass Condensate (CGC) the nonlinear QCD effect

Dipole-target scattering with small-x
evolution equation + saturation scale Qg

In Q2

16
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Digression:
— what is saturation and what is Leading twist shadowing?

a)

L. Frankfrut,, V. Guzey, M. Strikman (Physics Reports 512 (2012) 255-393)

Leading Twist Approximation (LTA)
Combination of Gribov-Glauber theory, QCD
factorization, and HERA diffractive data

17
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Digression:
— what is saturation and what is Leading twist shadowing?

More relevant for
RHIC energies?

=

a)

L. Frankfrut,, V. Guzey, M. Strikman (Physics Reports 512 (2012) 255-393)

Leading Twist Approximation (LTA)

Combination of Gribov-Glauber theory, QCD
kactorization, and HERA diffractive data/

18
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2. Incoherent J/Y photoproduction at RHIC

Sartre

_ _ 7 Au+Au—J/y+Au*+Au*, sy = 200 GeV STAR
S|mu|at|on N B | N R R | | L ]
e 7/ Incoherent suppression:

(W =19 GeV ]
s =0.49"%% + 0.05 + 0.05.

incoh — -0.05 — )
(para.) (meas.) (lumi.)

......
e T A o TR
~,

————

—x— STAR data lyl < 1, all neutron L
—— H1 free proton scaled to UPC y*Au ™. ™

[made by A. Kumar (IIT, Delhi)]

= HA1 free proton template fit: y?/ndf = 1.4"'.‘_ RN

BeAGLE

— LTA weak

Sartre with fluctuation |

CGC with fluctuation
CGC without fluctuation

._‘ .
| IIIIII|‘ hi

arXiv:231

107"

2
T

p2 (GeV/c)?

19
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2. Incoherent J/Y photoproduction at RHIC

What we learned:

CGC with and without fluctuation of
gluon density are compared (shape
only), while none can describe the
data.

arXiv:2311.13632

Au+Au—J/y+Au*+Au’, \/sN =200 GeV STAR

I I I T 1T | I I I T T | I
Incoherent suppression:

i (W) =19 GeV i
+0.04
smoh 0.49°>% + 0.05 + 0.05

(para.) (meas.) (lumi.)

T N
..
-, s Y
1 R o ~e
R . i ...
. e
. .
. .~
S . ~
~ 2 N
- N .
N N N
R N
N K .
N N
> ~ -~

=

W

—¥— STAR data lyl < 1, all neutron o™
—— H1 free proton scaled to UPC y*Au ™ ™.
= H1 free proton template fit: y%ndf = 1.4,
------- BeAGLE
LTA weak
------ Sartre with fluctuation
(— ----- CGC with fluctuation ]
n

------ CGC without quctuatlo

10°" 1
P2 (GeV/c)?

20
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2. Incoherent J/Y photoproduction at RHIC

Incoherent suppression: ]
(W v =19 GeV i

s =0.49"%% + 0.05 + 0.05.

incoh — -0.05 —

« CGC with and without fluctuation of -
gluon density are compared (shape o

’(-.)\ ____________ (para.) (meas.) (lumi.)
3n|tY), while none can describe the % T . o s S A, -
a a- (D - = '_' .~,"~.;,, \\*-,..\ e E
\\_/ "'~..~'~ e ~“\~\ w ]
_Q -1 ~,\~ \\ |
« The shape of the p;?is consistent i
with free proton. No additional O, | —% STARdatalyl<i.allneutron "
“ .~ o —— H1 free proton scaled to UPC y*Au ™ [
fIUCtuatlon ' Q 10— H1 free proton template fit: y2/ndf = 1.4 ™
Nb C T BeAGLE
© - LTA weak
- Sartre with fluctuation
[EEEEER CGC with fluctuation -
JERIEIRRE CGC without ‘fluctuation "%.‘ 3
| | | L 1 1 | I I | > Y
107 , ) 1
arXiv:2311.13632 ps (GeVic)

21
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2. Incoherent J/Y photoproduction at RHIC

Au+Au—J/y+Au*+Au’, \/SN 200 GeV STAR

What we learned:

Incoherent suppressmn ]
(W v =19 GeV i

s =0.49"%% + 0.05 + 0.05.

incoh — -0.05 —

« CGC with and without fluctuation of
gluon density are compared (shape o

6\ ___________ (para.) (meas.) (lumi.)
only), while none can describe the S o2 el ]
data. 8 - T '"'j'\: WQ@?

O TN L 1

« The shape of the p;?is consistent i
with free proton. No additional O, [ % STARdatalyl<1,allneutron ™ ™
N PR o —— H1 free proton scaled to UPC y*Au ™ ™.
fIUCtuatlon . Q 10 |- = H1 free proton template fit: y?/ndf = 1.4, ™
Nb C BeAGLE
O LTA weak

* |ncoherent cross section is also . -.—.. Sartre with fluctuation

suppressed w.r.t free proton, and [ CGC with fluctuation
------- CGC without fluctuation ! A

stronger than coherent! R ‘ Ll
107" 1
2
arXiv:2311.13632 P2 (GeVic)

22
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Nuclear suppression factor

e$ 1.5

—

0.05 0.04 0.03

2 2

0.02

0.01

STAR

Al
Coherent S_,
»x Data
~~ LTA shdowing
/A CGC w. substructure
&

CGC w/o substructure

<+

@)
O

| T
Incoherent S™
incoh

Data

LTA shdowing
CGC w. substructure

CGC w/o substructure |

CGC

What we learned:

 Significant suppression of both
coherent and incoherent J/{s
photoproduction.

‘<1 kinematic limit

Incoherent is twice as suppressed as

! 20 that of coherent. Even stronger than
0.5 + N the “strong” shadowing mode in
i + - ) Leading twist shadowing model.

Nuclear Suppression factor S™

Another observable to disfavor
fluctuation model.

O | | I I | I I | 11 1 1 | il I | I
15 20 25 30 35

W . (GeV)

(submitted to PRL, arXiv:2311.13637)

23
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CGC describes better at higher energies?

Bjorken-x ;
1072 1073 107 10°° CMS PbPb 1.52 nb™ (5.02 TeV)
103 I!II!II T |||\VI\ |\||||| ‘Il IIlI|IIII L IIII|IIII|IIIII.I._I__I_J‘T'T"I'Illll
= ¢ ALICE, Pb-Pb s, =5.02 TeV = 10k
B 7 Guzey et al., using ALICE Pb-Pb |/s,, = 2.76 TeV (PLB 726 (2013) 290-295) : [
N , Contreras, using ALICE Pb-Pb /s, = 2.76 TeV (PRC 96 (2017) 015203) 3 a
- Impulse approximation | é
-~ STARIight e )
102~ — EPS09LO e g o
- - -LTA e e iy g:
- ----GG-HS _-7 s 11 1 1 L 1 e nl 1 !
-7 T SR, "7 e CMS —LTASS —bBK_GG
- " bBK-A L & - . 102 &
i B TEC S ] 5 = == 1 o [ = O ALICE* (-4.0<y <-3.5) - LTAWS -- bBKA
e = ; O ALICE* (ly| < 0.15) CD_BGK CGC IPsat
10 = _ © A LHCb* (4.5 <y <-3.5) CD_GBW -~ GG-hs
:—"/’7, ' 3 Syst. exp. CD_IIM - = Impulse approx. |
-/ )ﬁ 1 - [ ] Syst. v flux .
W'//( A | | I\||l| A I \ II\I\li IiII[IIIIIIIIIII|IIII|IIII|III]|IIII|I]II|II
0 50 100 150 200 250 300 350 400
20 30 4050 10? 2x10? 10° WP (GeV)
W pon (GeV) N

JHEP 10 (2023) 119

* Yes, but LTA describes the data equally well.

Phys. Rev. Lett. 131 (2023) 262301

* None of these models can describe the entire energy dependence and all models

generally reach a “similar conclusion”.

24
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CGC describes better at higher energies?

Bjorken-x ;
1072 1073 107 107° CMS PbPb 1.52 nb™ (5.02 TeV)
103_ I\II!II T |||\\|\ T |\||||| ‘IV_il IIII|IIII L IIII|IIII|IIII’I.‘I._I'_I_J‘T-f‘rlllll
. ¢ ALICE, Pb-Pb s =5.02 TeV . 1011
= 7 Guzey et al., using ALICE Pb-Pb \s,, = 2.76 TeV (PLB 726 (2013) 290-295) . B
i , Contreras, using ALICE Pb-Pb /s, = 2.76 TeV (PRC 96 (2017) 015203) 3 a
| Impulse approximation | é
--- STARlight a
102~ — EPS09LO - T o
- - - LTA L = s 2
- - s e = ) ! o
- ----GG-HS ‘ - i 1 s
i 7 "7 e CMS —LTASS —bBK GG
- ---b-BK-A . o102 g
i | o [ = O ALICE* (-4.0 <y <-3.5) - LTAWS -- bBKA
= [ O ALICE* (ly] < 0.15) CD_BGK CGC IPsat
10 = _ © ¢ A LHCb* (4.5 <y <-3.5) CD_GBW -~ GG-hs
:,7 ' . i Syst. exp. CD_IIM --- Impulse approx. |
-/ Hﬂ ] K [ Syst. y flux 1
W,//( A I\||l| |‘|7 I:I[I|IIIIIIIII|IIII|IIII|IIII|IIII|IIII|II

20 30 40 50 102 25102 1 03 0 50 100 150 l23(':)’0 250 300 350 400
(GeV) Wiy (GeV)

JHEP 10 (2023) 119 Phys. Rev. Lett. 131 (2023) 262301

Separating the two models is one of the most pressing questions in
UPC Vector Meson physics

25
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3. Imaging the parton spatial distribution

STAR VSNN =200 GeV —e— Data, all n
Au+Au—J/y+Au*+Au* Sartre s.n.f.

lyl <1.0 —— Total
------ Coherent
- = = Incoherent

_._
0? —————
O 2 1 . !"'.'..,. PR TS 1
Q 2 T T
% N PP S, oSNNS v el ]
a _ , _ _ ,
0 0.02 0.04 0.06 0.08 0.1

p2 (GeV/cy

Overwhelming incoherent at higher p2 >
cannot constrain the gluon spatial distribution [made by A. Kumar (IIT, Delhi)]

26
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What’s next?

Two questions:
a) Separating CGC vs LTA at low-x or LHC energies
b) Separating Coherent and Incoherent as a function of p2

27
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a) Separating CGC vs LTA at low-x or LHC energies

New proposal
/ Unambiguous signal of saturation from th

- Diffractive Vector Meson over inclusive e ~ A2/3
jet/hadron photoproduction in UPCs |

jet
[U;{M (dagﬁclusive/dsz)]

Rypc = :
[OQ{M (doni]flzlusive/dsz)]

A+A

p+A

)

<
$ Y. Kovchegov, H. Sun, ZT (2023), arXiv:2311.12208, submitted to PRD

28
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b) Separating Coherent and Incoherent as a
function of p;?

Imaging Barrel Electron Direction 1.7T Superconducting Solenoid
EM Calorimeter Tracking

Forward Calorimetry
(EM and Hadronic)

Backward
Calorimetry

Dual-radiator RICH

High-performance
DIRC

Endcap
Electromagnetic

Calorimeter

ﬁ gximity’-fcii:ﬁéed — ﬂ =
: Hadron Direction.
- Tracking®™™
=

Barrel Hadronie S
= \\QQ
Calorimeter Qe°

The ePIC detector — at the Electron-lon Collider

29
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b) Separating Coherent and Incoherent as a

function of p;?

Imaging Barrel Electron Direction
EM Calorimeter Tracking

1.7T Superconducting Solenoid

Forward Calorimetry
(EM and Hadronic)

Backward
Calorimetry

Dual-radiator RICH

High-performance
DIRC

Endcap
Electromagnetic
Calorimeter

5 ,,4'&:/ —
2 B QXimity;focijﬁed 7 7

368

Barrel Hadronie S
- S
Calorimeter Qe°

Hadron Direc@ &
Tracking™

The ePIC detector — at the Electron-lon Collider

BO detector )

BOpf combined function magnet

Far-forward detector system:
What we use to select/veto the
incoherent production

30
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b) Separating Coherent and Incoherent as a
function of pT2 Simulation Campaign Dec 2023

eAu 18x110 GeV EPIC

T | T | T | T3
1<Q’<10 GeV?, 0.01 <y <0.85
Iy¢l<3.5, IMinV -M,l <0.02 GeV

Sartre ¢ MC
e  Sartre  RECO w. EEMC

Imaging Barrel Electron Direction 1.7T Superconducting Solenoid
EM Calorimeter Tracking

Forward Calorimetry
(EM and Hadronic)

| IIIIIL|,|

Backward 1 )
Calorimetry - =

T IIIII|T|
| IIIIIL|,|

-2)

Dual-radiator RICH > 1 04

E
High-performance > ! O g
DIRC - S : Q) -
¢ :\. : e | || \-’103 E
Endcap = \ N 1 _— =
Electromagnetic -~ -
Calorimeter -~ L
=7 210" =
Hadron Directigp, zZ c
Tracking®™ o o

X 10

Barrel Hadronie S
= \\QQ
Calorimeter Qe°

T IIIII|T|

1
"o o KK
10_1 = 1 | 1 |
0 0.05 0.1 0.15

It 1 (GeV?)
The ePIC detector — at the Electron-lon Collider It’s still challenging to measure the gluon spatial distribution
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Future opportunities

Since 2022, STAR has forward

(mmdms&5<n<40)
J/Y coherent and incoherent
production with high
precision. Lower W towards
a few GeV, and high t to
better understand fluctuation.

* ¢ photoproduction.

* Photoproduction of jets.

* New observables.

RHIC2325

2023 2025

Early Career Seminar

2029

2034+

32
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Future opportunities

e

New
Vertex
Detector

Particle ID | Phase-| upgraded LHCb detector
d tN o Calorimeters
etector Reduce PMT gain Muon
slactionics + new electronics new electronic:
Side Vi CCALRICAL "
Y
Magne cH2
cit

New Tracking stations ‘ | trigger-less readout & sw trigger on GPUs

Since 2022, STAR has forward
detectors (2.5 <n<4.0):
J/Y coherent and incoherent
production with high
precision. Lower W towards
a few GeV, and high t to
better understand fluctuation. AR
* ¢ photoproduction. All LHC experlments will have S|gn|f|cant

improved muon coverage and upgraded forward
and lumingsty detectors

* Photoproduction of jets. upgrades in Run 3 & 4 (e.g., wide acceptances,
 New observables. ALICE FoCal, etc.). Lower-x reach!
RHIC 23-25 & LHC Run C—
2023 2025 2029 2034+

33
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Future opportunities EIC era

a 2" detector: the ultimate
machine for understanding
saturation quantitatively with a
wide variety of observables.

New
Vertex
Detector

]% S Piha;?m':m;aded EChudtoctor The ePIC detector and possible
detector + Reduce PMT gain n
electronics electronics new electronic:

Since 2022, STAR has forward
detectors (2.5 <n<4.0):
J/Y coherent and incoherent
production with high
precision. Lower W towards
a few GeV, and high t to
better understand fluctuation. AR
* ¢ photoproduction. All LHC experlments will have S|gn|f|cant

* Photoproduction of jets. upgrades in Run 3 & 4 (e.g., wide acceptances,
 New observables. ALICE FoCal, etc.). Lower-x reach!

RHIC 23-25 & LHC Run 3 I—
2023 2025 2029 2034+

34
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Summary

 Diffractive Vector-Meson production is a powerful probe for understanding

the cold QCD physics in nuclei.
« Large nuclear suppression of JI{p photoproduction.
« Leading Twist Shadowing describes better the RHIC data, while for the LHC we

need new observables to differentiate models.

« RHIC and LHC UPC data are complimentary, together spans a wide range of
energy and kinematic phase space.

Energy frontier: UPCs at RHIC and the LHC can help understand
the nuclear parton modification at low-x.

Precision frontier: EIC will be the ultimate machine to understand
the detail of nuclear dynamics in 3D.

35
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Backup

36
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Early RHIC data from PHENIX Prys. Lett. 8679 (2009) 321-329

-
N

L 112 a UPC Au-Au— JI¥ Xn 200 GeV
[ PHENIX AuAu UPC s, = 200 GeV 2 o rmemx
c 3 to ira.ci ; = = = — = Starlight, coh.
=5 10 — " e’e” (unlike-sign pairs) % -------------- Strikman et al, coh. + incoh.
- e ~ = == .+ Goncalves-Machado, coh.
8 1% ‘~ JIY .8 --------- Kopeliovich et al, coh. + incoh.
"; &) : i e'e coherentcontinuum
) — . : .
= 8— | e max/min e’e” continuum
© i
—
2
©

%_ + I ] /‘
bttt ibenionsid. o b ol sl d el s | e A
2

4 45 5 55 6 252-15-1-050 05 1 1.5 2 2.5
y

m,, (GeV/c?) b)

Statistics was limited, coherent and incoherent were not separated, and with
neutron selections
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STAR experiment

Relevant central detectors

~—— Time Projection Chamber
(TPC)

Time-Of-Flight detector
(TOF)

Barrel EM Calorimeter

a BN v (BEMC)
Since 2022, STAR has forward detectors (2.5 < n < 4.0), which
would be crucial to the RHIC Run 23-25 physics program

P

38
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Measuring J/{¥ in 200 GeV Au+Au UPCs

Au+Au — e+e+Au*+Au* STAR Preliminary
| | ' | ' | ' ] .
lyeel <1.0 XZ/NDF 75.5/52 i Data anaIySIS.
100 Py < 0.15 GeV/c —— Dar’:aJ,/aII n ]
©e —— coh Jly : )
(s, = 200 GeV — incJly . J/llJ% e'e
10° AV (lyl < 1.0 for J/g, electrons within |n|<1.0)
— coh y(2S)>J/y+X 7
—— QED 2 ] aygs
— MCsum ‘ STAR PID (e.g., TPC, TOF) capability

ensures high purity of electron candidates.

Different templates from STARLight and H1
ep data are used to describe the signal and
backgrounds.

Entries / 0.05 GeV/c®
o
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Measuring J/{¥ in 200 GeV Au+Au UPCs

Au+Au —> e+e+Au +AU* STAR Preliminary Au+Au — e+e+Au*+Au* STAR Preliminary
I | | | E C l | ' | ' ]
Iy I <1 O v2/NDF 75.5/52 ] - Iyeel <10 v2/NDF 41.4/28 ]
10t Py <015 GeV/c —e— Data, alln - 3.0<m,<32 —e— Data, alln ’
ee —— coh J/y 10° — 200 GeV —— coh J/y —
(s.. = 200 GeV — incJiy VS, = © —— inc Jiy -
\ inc J/y N diss inc J/y N diss i
10 coh y(23) —— coh y(2S)—>Jly+X -
—— coh y(2S)—>J/y+X — QED?2y i
—— QED 2y _
NG sum MC sum

—
o

Illlllll T III| T IIIIIII| T TTTT I| T IIIIIII| T TTTT

Entries / 0.025 GeV/c
o

Entries / 0.05 GeV/c®
o
fllllll L L LIl L1 R

4+

|

|

10— I _3|_ | | | I | I 1

m,, (GeV/c?) P, (GeV/c)

N
(&)
(o]
o
—_
—_
a1

when Q2 ~ 0, pyof J/y is directly related to momentum transfer (t ~ p;2)
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Separating coherent and incoherent J/{

Au + Au > J/ly + Au* + Au*

STAR Preliminary
LI B LI

0O — T T T =g " " "' T 3
o All n OnOn 7
S0t |
8 Il STAR data: Fit templates:
=10°% § | - lyl<1 ---coherent
O H h .
3. i o incoherent
> —
C\-|O|—102 - d 0’ I sum
o | i
S | 1244t
(\lb 10 EF . I' |
© H H . -
i ; 3
, I | an TSR
v AL T T g
[aV] 3
Q) OnXn XnXn 1
%)104 2
S ]
B 103 3 .
> |
© 107 § o H 2
(\IQ-I— E ~ r o "'. LIS
. __ e
% 10 § | ' T + + :
o i
o L ! ! TN | RS BT P I B
0 0.1 0.2 0.3 04 O 0.1 0.2 0.3 04

p2 (GeV/c)?

» Low momentum transfer (p;?) is
dominated by coherent
photoproduction.

» For incoherent production at low
pt?, it is extrapolated using
different templates.

» These differences, however, are
small to the total incoherent
production cross section.
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First measurement of
y-dependence of J/{ at RHIC

*» Important measurements to constrain
theoretical models

* Ratio of incoherent to coherent cross
section largely cancels uncertainties both
experimentally and theoretically

+* New studies show this ratio is sensitive to
nuclear structure and nuclear deformation
(by W. Zhao et al. at a recent INT workshop)

do/dy (ub)

10

Au + Au > J/y + Au* + Au*

STAR Preliminary

Coherent Incoherent
_%$ L
i - i O
i e [0 &
i - e
DXe
»—*—1 L
%*—‘7*% %*%%ﬁ(%
- (.. = 200 GeV f 0
- @ O Aln —tp—
B O OnOn -
#+ <5 0OnXn EI]
* & XnXn
R R T AR AR SRR | I NN S N D R B A R
0 0.5 10 0.5 1
lyl lyl
— Incoherent / Coherent i —
C 1 ]
2 & -
Al — B S N .
- —O— O ! = -
- i—D {1 1 1 ] ]
0 0.5 1
lyl
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https://www.int.washington.edu/sites/default/files/schedule_session_files/Zhao_W.pdf

Early Career Seminar

AuAu UPCs: two-source ambiguity

Which nucleus
provides the photon?

i
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Photon flux and neutron emissions for coherent J/{

Photon Flux (Ey dN/dE )

Au+Au — J/y+Au*+Au* (\s,, = 200 GeV)
T T T T T T T T T | T T

—
o

—h
T

T
Mirrored + y |
Jhy

STARLight model

Nuclear breakup:

AnAn

Solid (dashed) line: low (high) E

Y

1071+

> If VM at rapidity y # 0, there is a high
energy photon (k,) candidate and a low
energy photon (k,) one;

» Different photon energies correspond to
different flux factors (~number of photons)

> Different neutron emission classes
associate with different flux factors

Neutron classes:

* 0nOn: no neutron on either side

*  0OnXn: >=1 neutron on one side

« XnXn: >=1 neutron on both sides
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Au+Au — Jy+Au*+Au”* STAR Preliminary

-6 data coherent OnXn
—e— data incoherent OnXn
BeAGLE OnXn

New data tests nuclear breakup
model and assumptions

a) Coherent J/y production is
independent of neutron emissions

b)Incoherent J/{ production is highly
correlated with neutron emissions
(e.g., BeAGLE)

Reference to BeAGLE: Phys. Rev. D 106 (2022) 1, 012007
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Neutron emission helps resolve the two-source ambiguity

4 N

Aan/dy - (I)Aan (kl)o"y +Au_)J/¢+Au(k1)

+(I)Aan (k2)0"7 *+Au—J/¢Y+Au (k2)

Measurements Photon fluxes Unknowns
\_(slide 12) (slide 14) -

Eur. Phys. J C (2014) 74:2942

Need to measure differential cross section in y and in neutron
emission classes; at least 2 equations to solve 2 unknowns.

46



Early Career Seminar

Shadowing in incoherent J/{¥ photoproduction

T I T T T I T T T I T T T I T T T

L~ Au—X I/ b) This ratio is driven by multi-nucleon
) , ) | e . -
interactions, nuclear thickness function,
diffractive parton distributions, efc.

(Phys. Rev. C 108 (2023) 2, 024904)

[a—
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Sincoh(x’ 2 )
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1
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oa(z, 1) {1 - Yo LN
g3 (CU, /1'2)

r.

1
Sincoh(xnu'z) = Z/dzb TA(b) [1 -

0.01 0.02 0.03 0.04 0.05
X

Intuitively, the incoherent J/{ production is the convolution of: J/{ production off a nucleon
inside of a nucleus @ probability of the J/{r survives on its way out of the nucleus.
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NLO calculation

Next-to-Leading Order (NLO) pQCD
calculation, constrained by the LHC data

150

do/dy (ub)

EPPS21 + scale at 2.39 GeV.
Only scale uncertainty shown. 5

Could not describe the STAR data aty = 0.

0.2 F
Reference to NLO pQCD calculation: 00-155
a) arXiv:2210.16048 E 01
b) Phys. Rev. C 106 (2022) 3, 035202 0.05

00 [— ————

Au+Au—>VM+Au*+Au* STAR Preliminary
- Coherent
~ (s, = 200 GeV
+ -

Data STARIight NLO
e Jy —Jhy Hdhy
¥y(2S) --v(29)
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| \ |
0 0.5 1
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0 0.5 1
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